Atomoxetine is a noradrenaline-specific reuptake inhibitor used clinically for the treatment of childhood and adult attention deficit hyperactivity disorder (ADHD). Studies in human volunteers and patient groups have shown that atomoxetine improves stop-signal reaction time (SSRT) performance, an effect consistent with a reduction in motor impulsivity. However, ADHD is a heterogeneous disorder and it is of interest to determine whether atomoxetine is similarly effective against other forms of impulsivity, as well as the attentional impairment present in certain subtypes of ADHD. The present study examined the effects of atomoxetine on impulsivity using an analogous SSRT task in rats and two additional tests of impulsivity; delay discounting of reward and the five-choice serial reaction time task (5CSRTT), the latter providing an added assessment of sustained visual attention. Atomoxetine produced a significant dosedependent speeding of SSRT. In addition, atomoxetine produced a selective, dose-dependent decrease in premature responding on the 5CSRTT. Finally, on the delay-discounting task, atomoxetine significantly decreased impulsivity by increasing preference for the large-value reward across increasing delay. These findings conclusively demonstrate that atomoxetine decreases several distinct forms of impulsivity in rats. The apparent contrast of these effects with stimulant drugs such as amphetamine and methylphenidate, which generally act to increase impulsivity on the 5CSRTT, may provide new insights into the mechanisms of action of stimulant and nonstimulant drugs in ADHD.
INTRODUCTION
Atomoxetine (tomoxetine, LY 139603) is a selective noradrenaline (NA) reuptake blocker (Bymaster et al, 2002; Swanson et al, 2006) used clinically to treat both adult and childhood attention deficit hyperactivity disorder (ADHD) (Kratochvil et al, 2003 (Kratochvil et al, , 2006 Wilens, 2006) . Unlike other medications used in ADHD, such as amphetamine and methylphenidate, atomoxetine has no appreciable affinity for dopamine (DA) receptors or the DA transporter, although it may indirectly boost prefrontal cortical DA via its effects on the NA transporter (Bymaster et al, 2002) . Atomoxetine also displays low affinity for the serotonin (5-HT) transporter with a dissociation constant of 77 nM compared with 5 nM for NA transporter and 1451 nM for the DA transporter (Bymaster et al, 2002) .
Recently, atomoxetine has been shown to improve performance in normal human volunteers in a stop-signal reaction time (SSRT) task (Chamberlain et al, 2006) , which provides a measure of motor inhibition and the propensity toward behavioral impulsivity (Logan and Cowan, 1984) . Deficits in SSRT task performance are commonly found in disorders of behavioral inhibition, such as ADHD, Parkinson's disease (Gauggel et al, 2004) , schizophrenia (Badcock et al, 2002; Rubia, 2002; Rubia et al, 2001) , obsessivecompulsive disorder (Krikorian et al, 2004) , and chronic cocaine (Fillmore and Rush, 2002) or methamphetamine use (Monterosso et al, 2005) . SSRT itself is especially susceptible to damage to the right inferior frontal cortex in humans (Aron et al, 2003a; Rubia et al, 2003) , and in rats following damage to the ventral orbitofrontal cortex, but not the prelimbic or infralimbic prefrontal cortex (PFC) (Eagle and Robbins, 2003b; Eagle et al, 2007a) .
SSRT represents the time taken to inhibit an already initiated motor response. SSRT performance in ADHD is improved, in both humans and rodents, by stimulants such as methylphenidate (Tannock et al, 1989; Aron et al, 2003b; Eagle et al, 2007b) and by the anti-narcoleptic agent modafinil (Turner et al, 2003 (Turner et al, , 2004 Eagle et al, 2007b) . A recent study in rats also demonstrated the ability of atomoxetine to reduce impulsive responding on a fivechoice serial reaction time task (5CSRTT) (Blondeau and Dellu-Hagedorn, 2006) .
Numerous studies in rats indicate that different forms of impulsivity can be dissociated to some extent, however, in relation to the effects of stimulants, very few studies have used low doses in the ranges that are associated with therapeutic effects in ADHD (Berridge et al, 2006) . For example, D-amphetamine impairs the ability to wait, as shown by its disruptive effects on DRL schedule performance (Bizot, 1998) and in increasing premature responding on the 5CSRTT Robbins, 1987, 1989) . However, depending on dose and precise testing conditions, amphetamine can either reduce or enhance impulsive choice in delayed discounting situations (Cardinal et al, 2000; Richards et al, 1999; Winstanley et al, 2006) . Moreover, D-amphetamine and methylphenidate generally improve SSRT performance, although their effects can be baseline dependent (Boonstra et al, 2005; Feola et al, 2000; Eagle and Robbins, 2003a; Eagle et al, 2007b) . There is also evidence that the various tests of impulsivity can be dissociated in terms of underlying neural substrates. For example, lesions of the nucleus accumbens core region impair delay discounting by enhancing impulsive choice ) but have no effect on SSRT (Eagle and Robbins, 2003b) . By contrast, lesions of the medial striatum impair SSRT (Eagle and Robbins, 2003a) and enhance premature responding on the 5CSRTT (Rogers et al, 2001) , while reducing impulsive choice (DM Eagle, unpublished observations). The effects of central 5-HT depletion also differ across the various measures of impulsivity (Winstanley et al, 2005; DM Eagle, unpublished observations) .
In the present study we compared the effects of systemic atomoxetine in three different paradigms for measuring impulsivity; the SSRT task, the 5CSRTT, and delay discounting of reward. For the SSRT task, in addition to examining the overall, dose-dependent effects of atomoxetine, we also subdivided the group into slow-and faststopping subgroups to determine whether the effects of atomoxetine on SSRT were baseline dependent, as reported previously for other ADHD medications (Feola et al, 2000; Eagle et al, 2007b) . The 5CSRTT also allows for the measurement of attentional capacity because of its requirement for rats to detect brief visual targets (Robbins, 2002) . As attentional function, as well as impulsivity, is known to be affected in certain subtypes of ADHD, the use of these three behavioral procedures provides a comprehensive and directly comparable approach to assessing the behavioral effects of atomoxetine, with methods analogous to those used in human studies (cf. Chamberlain et al, 2006) .
MATERIALS AND METHODS

Subjects
The subjects were male Lister-hooded rats weighing approximately 250 g at the start of training and 350-450 g at the start of dosing (Charles River, UK), housed in pairs or groups under temperature-controlled conditions and 12 : 12 h light-dark cycle (lights off at 0700). They were maintained at approximately 90% of their free feeding weight by restricting access to laboratory chow (Purina, UK) to 18 g per day per rat. Water was provided ad libitum. All procedures were conducted in accordance with the requirements of the UK Animals (Scientific Procedures) Act 1986 and in accordance with local institutional guidelines. All behavioral testing was carried out between 0800 and 1700 during the animals' active phase.
Drugs
Atomoxetine hydrochloride was kindly provided by Eli Lilly and dissolved in 0.01 M phosphate-buffered saline. Drugs were prepared fresh each day and administered by i.p. injection at a dose volume of 1 ml/kg.
SSRT Task for Rats
All sessions were performed in six operant chambers (Med Associates, VT, USA) as described previously (Eagle and Robbins, 2003a) . Control of the chambers and online data collection were conducted using the Whisker control system (Cardinal and Aitken, 2001) , with the Cambridge Stop Task program, written by DM Eagle and JMC England (2002) .
Stop-Signal Reaction Time Task
Rats were trained to perform the SSRT task following a training program that has been previously described in detail (Eagle and Robbins, 2003a; Eagle et al, 2007b) . In all sessions, trials were initiated with a nose poke to the central food well, after which, the left lever and left light were presented. A press on the left lever resulted in the right lever and right light being presented, and the left lever and left light were withdrawn/extinguished. If a rat failed to press the left lever within 30 s, the left lever was withdrawn, rats received a 5-s timeout, and the trial was recorded as an omission trial. Rats were trained to perform a rapid reaction time (RT) response from left lever to right leverFthe go response. Response speed was maintained by limiting the time for which the right lever was presentedFthe limited hold (LH), maintained at a constant value for each rat throughout the study. Study groups were matched for LH. During go trials, rats were rewarded with a pellet delivered to the central food well for pressing the right lever but received a timeout of 5 s in darkness if they failed to press the right lever within the LH period.
On 20% of the trials, the stop trials, a tone (40 ms, 4500 Hz) was presented at a predetermined time between the left-and right-lever presses. Stop trials were presented randomly within the session to discourage the rats from anticipating presentation of the stop trials. On stop trials, the rats were required to initiate the same response as on go trials, but after hearing the stop signal, the rat was required to stop completion of the go response, ie to refrain from pressing the right lever. The rat was required to withhold from responding for the LH period, after which it was rewarded with a pellet. An incorrect response, which was a press on the right lever, resulted in a timeout of 5 s of darkness. On a few trials designated as stop trials, the rat responded on the right lever before the onset of the tone (more common for late tone presentations), and these trials were reclassified as go trials to maintain the overall proportion of valid stop trials in each session at 20%.
Exclusion Criteria and Selection Procedure
To apply Logan's race model (Logan, 1994) to behavioral data, rats must perform go trials as quickly as possible while attempting to stop on all stop trials after the stop signal is detected. Failure to perform the task in this way may be reflected in the form of the inhibition function and go reaction time (GoRT) across different SSDs. Therefore, rats were excluded from further analysis if they showed inverted inhibition functions (accuracy of stopping improved as the stop signal was played closer to the go signal), if go accuracy was inversely correlated with stop accuracy, or if GoRT systematically increased with SSD (more usually presented as a change in go-trial accuracy in the rat SSRT task). Such behavioral patterns reflect strategic changes in performance that cannot be accommodated by the race model. All rats were tested across a full range of SSDs, their inhibition functions were plotted, and SSRT calculated.
To investigate inhibition functions after initial training, rats first received 20 min, 200-trial baseline sessions, during which, the stop signal was presented as the left lever was pressed (ie with no delay between the onset of the go response and the presentation of the stop signal). Mean GoRT and SSDs for each rat were calculated from three no-delay baseline sessions. To investigate individual rat inhibition functions, over the following five sessions (20 min, 200 trials), inhibition functions were generated with SSDs presented in a randomized order from the following set: SSD ¼ GoRTÀ600 ms; GoRTÀ500 ms; GoRTÀ400 ms; GoRTÀ300 ms; GoRTÀ200 ms.
On days where SSRT was calculated (SSRT sessions for drug-testing days and baselines), rats performed one session per day that was divided into 3 Â 10-min test periods (StopA, StopB, and StopC), each period with a maximum of 80 trials. In StopA, on stop trials there was no delay between the start of the go trial (left lever press) and the onset of the stop signal. Data from StopA were used to calculate GoRT for each rat, and this GoRT was used to set the stop-signal delays in periods StopB and StopC. StopB presented stop signals at GoRTÀ500 ms and Stop C presented stop signals at GoRTÀ300 ms. SSRT was estimated from the data from StopB and StopC. These methods are adapted from the original methods of Eagle and Robbins (2003a) .
Testing Procedure
Testing was carried out using an incremental dose response design with a postdrug baseline session included in the analysis to check that effects observed were due to drug treatment and not a result of a change in baseline across the period of testing. Animals received weekly dosing with atomoxetine (0, 0.6, 1.0, and 1.8 mg/kg in 0.01 M phosphatebuffered saline) administered by i.p. injection, 30 min before testing.
Five-Choice Serial Reaction Time Task
A detailed description of the nine-hole apparatus (Carli et al, 1983) and procedures (Dalley et al, 2004) has been provided previously. The boxes were controlled by Whisker software (Cardinal and Aitken, 2001) . Subjects were trained to detect the location of a brief visual stimulus (0.5 s in duration) presented pseudorandomly in one of five apertures over a large number of trials, as described previously (Dalley et al, 2004) . A number of performance measures were recorded, including choice accuracy (the proportion of correct responses to the total number of correct and incorrect responses), omissions (a failure to respond within the intertrial interval (ITI) and a short period thereafter), premature responding (responses made before the target stimulus), correct response latency (the time from the stimulus onset to a correct response), and magazine latency (the time from a correct response to the collection of food in the magazine). Subjects were considered to have acquired the task when their accuracy was greater than 80% and omissions were fewer than 20%.
Testing Procedure
Once animals reached criterion, baseline performance was stabilized for at least 15 further sessions. All experimental testing was carried out using a within-subject study design with drug treatments administered using a fully randomized Latin square. Animals received baseline sessions on Mondays and Thursdays, drug dosing was carried out on Tuesday and Friday, and animals had Wednesday and the weekend off. Animals were tested under baseline conditions (stimulus duration 0.5 s, ITI 5 s, and LH 5 s) with atomoxetine (0, 0.6, 1.0, and 3 mg/kg in 0.01 M phosphatebuffered saline) administered by i.p. injection, 30 min before testing.
Delay-Discounting Paradigm
Testing was performed in six operant chambers (Med Associates) with identical dimensions and configuration to those used in the SSRT task. For the first two training phases of the experiment, control of the chambers and online data collection were conducted using an operant control software client (developed by AC Mar) written in Visual Basic 6.0 to run on the Whisker control server (Cardinal and Aitken, 2001 ). The main delay-discounting task phase was performed using the Impulsive Choice software client, which is included in the Whisker software suite (Cardinal and Aitken, 2001 ).
Training was conducted over three phases with only slight modifications from experimental procedures previously described (Cardinal et al, 2000; Winstanley et al, 2005; see Mar and Robbins, 2007 for greater detail). In the first training phase, rats were trained to press the left and right levers to receive a food pellet (Noyes dustless pellets, 45 mg; Sandown Scientific, UK). Each session in this phase consisted of a maximum of 100 trials or 30 min. Subjects were trained for 3-4 sessions until all had reached a criterion of at least 60 reinforced trials with at least 30 on each lever. In the second phase rats were trained to initiate trials after a requisite ITI with all levers retracted and both the house and stimulus light turned off. Each session consisted of 90 trials spaced every 40 s (60 min total). Failure to nose poke within 10 s aborted the trial and initiated the ITI. Subjects were trained for three sessions until all had reached a criterion of at least 60 reinforced trials with at least 30 on each lever.
The final phase comprised the main delay-discounting procedure. Each session consisted of 60 trials, divided into five blocks of 12 trials, with trials spaced every 100 s. Each 12-trial block began with 2 'forced' trials in which only one lever was presented (left or right in a random presentation order for every pair of trials), followed by 10 'choice' trials in which both levers were presented. Each rat had one lever designated as the 'immediate' lever (always associated with an immediate, single food pellet) and one lever as the 'delay' lever (always associated with four pellets, but delivered after a delay that was increased between each of the five 12-trial blocks (0, 10, 20, 40, and 60 s). Levers assignments were counterbalanced across rats. Choice ratiosFdelayed lever presses/total lever pressesFwere calculated for each rat at each delay using the choice trial responses (ie excluding single lever trials) summed across three consecutive sessions. Using the data from two contiguous three-session blocks, a two-way repeated measures analysis of variance (ANOVA) was performed with choice ratios as the dependent variable and three-Session Block and Delay as within-subjects factors. Two criteria were used to assess stability of performance by applying this ANOVA to successive, contiguous three-session blocks (Mar and Robbins, 2007) . The first criterion was judged to be met when no significant main effect or interaction with threeSession Block (ao0.05) was found; an indication of the consistency of the group's behavior. The second criterion was judged to be met when there was a significant main effect of Delay (ao0.01), where pairwise comparisons show smaller choice ratios for at least some of the longer delays; an indication of sensitivity to delays (Cardinal et al, 2000) . Performance was considered stable when both criteria were met in the same contiguous three-session blocks. Subjects were trained for 33 sessions, which were 9 sessions past the point at which most rats had reached the two criteria.
Testing Procedure
The behavioral testing procedure was identical to that employed in the third phase of training. Four doses of atomoxetine (0, 0.3, 1, and 3 mg/kg in 0.01 M phosphatebuffered saline) were counterbalanced using a fully randomized Latin-square design. Each of the four dosing sessions was separated by a washout day (no drugs or testing) and a drug-free baseline test session. All doses were administered by i.p. injection 30 min before behavioral testing.
Statistical Analysis
Data from each of the three tasks were analyzed by ANOVAs using SPSS 12.0.1 (Chicago, IL, USA). Graphs were plotted using Graphpad Prism 4.0 (Graphpad Software, USA). All tests of significance were performed at a ¼ 0.05, and models were full factorial unless otherwise stated. Homogeneity of variance was verified using Levene's test.
For repeated measured analyses, Mauchly's test of sphericity was applied and the degrees of freedom corrected to more conservative values using the Huynh-Feldt e for any terms involving factors in which the sphericity assumption was violated. Significant main effects were further decomposed using pairwise comparisons with a Sidak correction.
In the SSRT task, four parameters were analyzed: SSRT, GoRT, stop accuracy, and go accuracy (no-delay trials). SSRTs were estimated based on the protocol described in Logan (1994) , from the measures of baseline-corrected stoptrial accuracy and the distribution of go-trial RTs for each rat for each session. RTs on go trials were rank ordered and the nth RT selected from the ranked list of go trial RTs, where n was obtained by multiplying the number of RTs in the distribution by the probability of responding on stop trials at that delay. The finishing time of the stop process was estimated by taking the nth fastest RT from a ranked set of GoRTs for each rat for each session. SSRT was calculated by subtracting stop-signal delay from the stop process finishing time. These procedures are described in detail in Eagle and Robbins (2003a) . In the 5CSRTT, seven variables were analyzed: the percentage of correct responses made (number of correct responses/total correct and incorrect responses); percentage of responses omitted (number of omissions/total number of correct, incorrect, and omitted responses); percentage of premature responses (number of premature responses/total number of correct, incorrect, and omitted responses); latency to make a correct response; latency to make a premature response; latency to collect reward and perseverative nose pokes; and perseverative panel responses. In the delay-discounting paradigm, six variables were examined: percentage choice of the delayed reward, omissions, trial initiation latency, lever choice response latency, reward collection latency, and time spent nose poking during the delay to large reward.
RESULTS
Experiment 1: Effect of Acute Atomoxetine on SSRT Performance
Following analysis of inhibition functions, 11 rats were included in the drug study. Atomoxetine (0.6-1.8 mg/kg) induced a dose-dependent decrease in SSRT (Dose, F (4, 36) ¼ 5.1, pp0.002; Figure 1 ). Further pairwise comparisons revealed that both 1.0 mg/kg (pp0.01) and 1.8 mg/kg (pp0.01) atomoxetine significantly reduced SSRT compared to vehicle controls. There was no significant difference in SSRT between vehicle and postdrug baseline (pp0.12), demonstrating that the above changes in SSRT were specific to treatment with atomoxetine, and not general improvements in SSRT over time. There was no overall difference between the fast-SSRT and slow-SSRT subgroups in their response to atomoxetine dose (GroupDose, F (4, 36) ¼ 1.5, pp0.23), however, a priori multiple comparisons revealed a significant decrease in SSRT for 1 mg/kg (pp0.01) and 1.8 mg/kg (pp0.01) atomoxetine in the slow-stopping animals compared to vehicle treatment in the same population, while there were no significant decreases in SSRT in the fast-stopping group. GoRT was not significantly altered by atomoxetine although there was a trend toward a dose-dependent lengthening (Dose, F (4, 36) ¼ 2.3, pp0.08; Figure 2 ). No significant group Â dose interaction for GoRT was observed (Table 1 : Group Â Dose (F (4, 36) ¼ 1.0, pp0.44). Stop-trial performance accuracy on the task was not significantly altered by atomoxetine treatment (Table 1 : Dose, F (4, 36) ¼ 2.1, pp0.10) and no significant group Â dose interaction was observed (Table 1: Group Â Dose, F (4, 36) ¼ 1.1, pp0.35), although the highest dose of atomoxetine appeared to reduce stop-trial accuracy in the fast-SSRT group while having no effect on the slow-SSRT group. A significant main effect of atomoxetine dose on go accuracy was observed (Table 1 : Dose, F (4, 36) ¼ 2.7, pp0.05), however post hoc pairwise comparisons failed to reveal a significant difference between atomoxetine and vehicle control for any of the doses tested and between vehicle control and postdrug baseline. No significant group Â dose interaction was observed (Group Â Dose, F (4, 36) ¼ 0.31, pp0.87).
Experiment 2: Effect of Atomoxetine on the Five-Choice Serial Reaction Time Task
Following training and baseline stabilization, eight rats were included in the drug study. The effects of atomoxetine on 5CSRTT performance are summarized in Table 2 . Atomoxetine (0.6-3.0 mg/kg, i.p.) induced a significant decrease in the percent premature responses (F (3, 21) ¼ 3.12, pp0.05; Figure 3 ). Post hoc pairwise comparison revealed a significant effect at the 1 mg/kg dose (pp0.02). There was a strong trend toward a decrease in the percent correct responses made at the higher doses tested although there was no overall significant effect of dose (F (3, 21) ¼ 2.59, pp0.08; Figure 3) . No significant differences were observed for percent omissions (F (2, 21) ¼ 0.379, pp0.63; Figure 3 ) or perseverative responding ( 
Experiment 3: Effect of Atomoxetine on Delay Discounting
From the original sample of 18 rats, 4 were excluded for not meeting the criterion of exhibiting delay sensitivity (see Materials and Methods). Two-factor within-subjects ANOVA of the choice data across the four drug administration sessions of the Latin-square design revealed that atomoxetine significantly increased the percentage choice for the larger, delayed reward (main effect, F (3, 39) ¼ 4.94, pp0.005; Figure 4 ). Further pairwise comparisons demonstrated that rats treated with 1 mg/kg atomoxetine displayed a significantly higher percentage choice for the delayed reward than vehicle-treated animals (pp0.02). There was a significant effect of delay on percentage choice of the delayed reward (main effect, F (4, 52) ¼ 39.39, po0.001) where pairwise comparisons revealed increased choice of the delayed reward at 0 and 10 s as compared to choice at all longer delays (all p'so0.01). There was no significant dose Â delay interaction for choice behavior (F (12, 156) ¼ 1.13, pp0.34). In terms of general responding, performance was extremely reliable; only 3 of the 14 animals ever showed a rare (ie p2) failure to initiate a trial via nose poke at a given delay, and no animals omitted a lever choice response once a trial had been initiated. No significant effects of atomoxetine dose were observed in trial initiation latency (F (3, 39) ¼ 0.45, pp0.72), lever choice latency (F (3, 39) ¼ 1.00, pp0.40), reward collection latency (F (3, 39) ¼ 0.52, pp0.67), or time spent nose poking during the delay to the large reward (F (3, 18) ¼ 0.05, pp0.99).
DISCUSSION
This study has shown that atomoxetine reduces impulsive responding in three different animal models of impulsivity. Systemic atomoxetine (1 mg/kg) decreased (ie speeded) SSRT and reduced premature responding in the 5CSRTT, while it enhanced choice of the larger but delayed reward, Figure 1 Effect of atomoxetine (0.6-1.8 mg/kg) on stop-signal reaction time (SSRT) in all rats and in fast and slow subgroupings. Atomoxetine (1.0 and 1.8 mg/kg) decreases the SSRT in the whole group with a greater magnitude of decrease observed in slow-stopping animals compared with the fast-stopping subgroup. Vertical bars indicate the SEM (All n ¼ 11, fast n ¼ 6, slow n ¼ 5). *po0.05, Sidak-corrected pairwise comparison with vehicle control following significant main effect of atomoxetine dose. Figure 2 Effects of atomoxetine (0.6-1.8 mg/kg, i.p.) on stop-signal reaction time (SSRT) and go reaction time (GoRT) in the SSRT task for rats. Atomoxetine (1.0 and 1.8 mg/kg) decreases the SSRT in the whole group while no significant effect on GoRT was observed. Vertical bars indicate the SEM (n ¼ 11). *po0.05, Sidak-corrected pairwise comparison with vehicle control following significant main effect of atomoxetine dose.
indicating an ability to reduce both motor and choice impulsivity, considered to be fundamental components of disorders of behavioral inhibition, such as ADHD (Evenden, 1999) . These results are therapeutically significant given that stimulants such as D-amphetamine and methylphenidate do not consistently reduce impulsivity in all of the above three tasks.
The effect of atomoxetine to improve SSRT is consistent with the results of Chamberlain et al (2006) for atomoxetine in healthy human volunteers performing the SSRT. In the rat SSRT task, atomoxetine is the first known example of a drug that is effective at reducing SSRT in rats independent of baseline performance: D-amphetamine, modafinil, and methylphenidate all show baseline-dependent effects on SSRT (Feola et al, 2000; Eagle and Robbins, 2003a; Eagle et al, 2007) . Therefore, unlike amphetamine, methylphenidate, and modafinil, atomoxetine can reduce impulsive responding in all animals on the SSRT task, an effect that is consistent with the results for premature responding in subpopulations of rats performing a 5CSRTT (Blondeau and Dellu-Hagedorn, 2006) . GoRT was slightly slower following higher doses of atomoxetine, but this effect was not statistically significant, supporting the notion that the SSRTs and GoRTs are independently affected. Although there was a small increase in go accuracy no significant effects on stop accuracy were observed. This supports a selective effect of atomoxetine on the speed of stopping, rather than on activation of the stopping response per se, Abbreviation: Persev., perseverative. Data are presented as the mean7SEM (n ¼ 8). Data were analyzed using repeated measures ANOVA with dose as within-subject factor. *po0.05, Sidak-corrected pairwise comparison with vehicle control following significant main effect of atomoxetine dose. Abbreviations: SSRT, stop-signal reaction time; GoRT, mean go reaction time. Data are presented as the mean7SEM for the whole group (n ¼ 11) and fast (n ¼ 6) and slow (n ¼ 5) SSRT subdivisions. Data were analyzed using repeated measures ANOVA with dose as the within-subject factor and group as a between-subjects factor. *po0.05, Sidak-corrected pairwise comparison with vehicle control following significant main effect of atomoxetine dose. and confirms atomoxetine as a highly effective potential treatment for disorders in which slower SSRTs are the fundamental symptom. Data from the 5CSRTT experiments showed that atomoxetine reduced premature responding at 0.6 and 1.0 mg/kg though no effect was observed for the highest dose (3 mg/ kg). The overall effect did not reach the same level of significance seen in the SSRT task or induce reductions at the low doses previously reported in a 5CSRTT (Blondeau and Dellu-Hagedorn, 2006) . In their experiments, subcutaneous administration of atomoxetine reduced premature responding in a 5CSRTT in all groups but the effect was not significant for the group with the lowest baseline, which responded at a level comparable with the data from the present investigation. Consistent with the recent findings of Blondeau and Dellu-Hagedorn (2006) , these data demonstrate that atomoxetine increases the animals' ability to withhold a response but does not affect other performance parameters such as accuracy.
In the final set of experiments, atomoxetine significantly increased the animals' choice of a larger but delayed reward over a smaller, immediate one. Unlike the SSRT or 5CSRTT, this paradigm does not depend on the animals inhibiting a prepotent motor response but rather challenges the animals' decision-making capacities to make adaptive choices (Evenden, 1999; Winstanley et al, 2006 ). All the doses tested tended to increase the animals' choice of the larger, delayed reward with a significant effect observed at 1 mg/kg. The effect was observed as an upward shift in the delaydiscounting curve at the shorter delays of 10 and 20 s, indicating that the animals were more likely to select the high-reward lever following atomoxetine treatment. In a previous study, the tricyclic antidepressant (TCA) drug, imipramine, had no effect on impulsive choice (Evenden and Ryan, 1996) while another study reported only small, inconsistent effects with the noradenaline-selective TCA, desipramine (DMI) (van Gaalen et al, 2006) . Atomoxetine is more selective than the TCA and the lack of cholinergic and histaminergic effects seen with this drug may underlie the differences observed. Moreover, a larger impact on prefrontal NA is observed when DMI is administered chronically (Lapiz et al, 2006) and it is possible that the doses administered of acute DMI produced insufficiently effective increases in NA levels.
Comparison with Other ADHD Medications
The evaluation of ADHD medications using animal 'models' is not straightforward, since ADHD typically presents as a spectrum of disorders, and no animal 'models' replicate the full range of deficits found in ADHD (for discussion see Sagvolden et al, 2005; Russell et al, 2005) . A number of previous studies in the SSRT task, 5CSRTT, and delaydiscounting paradigm have investigated the effects of ADHD medications on performance in normal populations. Amphetamine increases SSRT in poor performing humans and animals Eagle and Robbins, 2003a; Feola et al, 2000) . Evaluation of both methylphenidate and modafinil in the SSRT task for rats revealed a similar profile to that observed for amphetamine with selective effects observed in slow-stopping animals (Eagle et al, 2007) . Blockade of DA receptors using cis-flupenthixol did not block the effects of either methylphenidate or modafinil on stopping but did affect methylphenidate-induced changes in GoRT, suggesting the stop and go processes are under different neurochemical control (Eagle et al, 2007) . This hypothesis is further supported by the present effects of atomoxetine on the SSRT task, for which SSRT-speeding effects again were independent of the GoRT.
Studies using the 5CSRTT have generally reported an increase in premature responding following administration of amphetamine or methylphenidate Robbins, 1987, 1989; Harrison et al, 1997; Robbins, 2002) . These effects appear contradictory when compared to data from the human literature where moderate doses of stimulants have been consistently shown to improve sustained attention and decrease impulsivity (Servan-Schreiber et al, 1990; Ward et al, 1997) . It is, however, likely that these differences reflect the task that is used where amphetamine is proposed to counteract the effects of fatigue in vigilance situations (for discussion see Robbins, 2002) . Although the majority of studies with stimulant drugs demonstrate increases in impulsivity, there have been reports suggesting that low doses of methylphenidate reduce impulsive responding in a poor performing subgroup of rats (Puumala et al, 1996) . Low-dose oral methylphenidate has also been shown to reduce locomotor activity in rats suggesting that dose and route may be important factors in the response to stimulant medication (Kuczenski and Segal, 2002) .
Premature responding in the 5CSRTT is altered by manipulations of the striatal DA system. In well-trained animals, stimulant drugs increase the vigor of responding with increased premature responses and decreased response latencies Robbins, 1987, 1989) . These effects have been shown to involve the nucleus accumbens (Cole and Robbins, 1989) and dorsal striatum, (Baunez and Robbins, 1999) respectively. In contrast to both amphetamine and methylphenidate, atomoxetine does not enhance DA release in the striatum (Bymaster et al, 2002) . Consistent with these neurochemical studies, the ability of atomoxetine to reduce premature responding most likely reflects a lack of effect on striatal DA (Bymaster et al, 2002) . Therefore, the effects of atomoxetine may reflect cortical vs subcortical increases in catecholamines. Selective targeting of PFC catecholamine receptors has previously shown that activation of a 2 -adrenoceptors and D 1 DA receptors in the PFC contributes to the performance-enhancing effects of methylphenidate (Granon et al, 2000; Arnsten and Dudley, 2005) .
Previous studies using amphetamine in healthy volunteers (de Wit et al, 2002) and rodents (Wade et al, 2000; Winstanley et al, 2003; van Gaalen et al, 2006) have shown increases in tolerance to delay in delay-discounting paradigms. Experiments in animals, using both amphetamine and methylphenidate, have shown decreased impulsivity, ie increased choice of a larger delayed reward over a smaller immediate reward (Evenden and Ryan, 1996; van Gaalen et al, 2006) . A role for DA in mediating the effects of amphetamine and methylphenidate has been shown using selective drugs to block D 1 or D 2 DA receptors (Wade et al, 2000; van Gaalen et al, 2006) . The involvement of DA in these effects compared to NA has been further supported by studies using the selective DA reuptake inhibitor, GBR 12909, which mimics the effects seen with amphetamine and methylphenidate (van Gaalen et al, 2006) . In contrast, blockade of NA reuptake using DMI had no effect (van Gaalen et al, 2006) . These drugs were administered systemically therefore localization of the effects to a specific brain area could not be made.
ADHD has generally been considered a disease of DA hypofunction (for discussion see Solanto, 2002) , however, a role for NA should not be excluded given that the medications currently used to treat ADHD target some component of the noradrenergic system (Biederman and Spencer, 1999; Arnsten, 2006a, b) . Neurochemical studies with stimulant and nonstimulant medications have shown that atomoxetine, amphetamine, and methylphenidate all enhance DA and NA in the PFC (for review see Solanto, 1998; Arnsten and Li, 2005; Arnsten, 2006a, b) but atomoxetine does not increase DA in the nucleus accumbens (Bymaster et al, 2002) . As such, a similarity in effects in the PFC is observed but the effects of stimulant and nonstimulant medications diverge in relation to subcortical structures (Bymaster et al, 2002; Swanson et al, 2006) . In summary, these findings demonstrate that atomoxetine reduces impulsive responding in behavioral tasks hypothesized to involve distinct neural processes (Evenden, 1999) . Given the neurochemical profile of atomoxetine, these data suggest that a selective effect on cortical catecholamines may be an important mechanism of action on impulsivity. The lack of effect on subcortical DA may also account for the differences in behavioral effects observed in the present investigation when compared with results for stimulant drugs in the same tasks. The effects of atomoxetine also provide an important and significant finding in terms of its ability to consistently alter different types of impulsivity.
